Background and objective: The American Thoracic Society (ATS) and European Respiratory Society (ERS) emphasize a satisfactory start in maximal expiratory flow-volume (MEFV) curves and highlight subjective parameters: performance without hesitation and expiration with maximum force. We described a new parameter, angle β for characterization of the start to the MEFV curve. Methods: Subjects completed the MEFV curve at least three times and at least two curves met ATS/ERS quality. Subjects were divided into normal, restrictive and obstructive groups according to pulmonary function test results. The tangent line was drawn at the start of the MEFV curve's ascending limb to the x-axis and the angle β between the tangent line and x-axis was obtained. The relationships between tangent of β, pulmonary function parameters (PFPs) and anthropometric data were assessed. The MEFV curves with insufficient explosion at the start were considered as poor-quality MEFV curves. Results: In 998 subjects with high-quality spirometry, although PFP varied in relation to the three aspects: the angle β and its tangent were similar (P > 0.05), the tangent of β did not correlate with PFP or anthropometric measurements (P > 0.05) and the lower limit of normal (LLN) of the angle β was 80 in the group with highquality spirometry (P < 0.05). Angle β derived from poor-quality MEFV curves was smaller than that from good quality one (P < 0.05). Conclusion: Angle β may function as a parameter to assess the expiratory efforts, which can be used to assess the quality of the MEFV curve start.
INTRODUCTION
Lung function measurements are crucial in the diagnosis, severity assessment and management of many pulmonary diseases. It also provides useful information to determine the eligibility of patients for surgery. [1] [2] [3] [4] The forced vital capacity (FVC), forced expiratory volume in 1 s (FEV 1 ), peak expiratory flow (PEF) and forced expiratory flow (FEF) are important parameters to diagnose respiratory illnesses. These variables are derived from the maximal expiratory flow-volume (MEFV) curve or volume-time curve. In the past, the MEFV curve and volume-time curve were measured separately: at present both curves were detected simultaneously in most modern spirometers. Flow versus volume provides more detail of the initial part of the FVC manoeuvre than volume-time curve. Therefore, the quality of the MEFV curve and particular the rapid start directly affects the accuracy of measurements.
The American Thoracic Society/European Respiratory Society (ATS/ERS) proposed seven test procedures in 2005, which included quality criteria to assess expiration with maximum force. [5] [6] [7] [8] [9] The criteria to identify an accurate start for maximum effort curve include the extrapolated volume (EV) <5% of the FVC or 0.15 L, whichever is greater. The EV can only be calculated after the FVC manoeuvre is completed. Problems in
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Angle β, a simple parameter at the ascending limb of a flow volume curve, is a constant which does not depend on anthropometric or pulmonary function data. In high-quality flow volume curves, the angle is greater than 80
. This angle may be used to identify high-quality flow volume curves at the beginning of test in real time.
assessing the quality of an MEFV curve come with the listing of only subjective descriptions, such as that 'expiration with maximum force without hesitation' should be performed 'until no more gas can be expelled'. 5 The objective definition was not provided by the ATS/ERS criteria.
In order to characterize the start of the MEFV curve, a new parameter, angle β, was tested. The tangent line drawn from the start of the MEFV curve's ascending limb through the coordinate origin and the angle β between the red line and x-axis was obtained (Fig. 1) . The quality of the MEFV curve is determined by the effort of expiratory manoeuvre and the angle β changes with the expiratory efforts. Therefore, angle β may reflect the quality of the start of an MEFV curve. The objective of this study was to examine the characteristics of angle β in high-quality spirometry.
METHODS
A cross-sectional study was conducted in patients, who had lung function tests performed at Zhongshan Hospital, Fudan University, between January and August 2013. Participants who were unable to complete the pulmonary function tests (PFTs) according to ATS/ERS criteria were excluded. 5 Most PFTs were performed between 8 am and 11 am with an MS-PFT spirometer (Jaeger, Germany or SensorMedics, Yorba Linda, CA, USA). A total of eight pulmonary function parameters (PFPs) were analysed: vital capacity (VC), FVC, FEV 1 , FEV 1 /FVC (FEV 1 %), PEF, FEF at 25% of FVC exhaled (FEF 25 ), FEF at 50% of FVC exhaled (FEF 50 ) and FEF at 75% of FVC exhaled (FEF 75 ). The best two efforts, judged by the two greatest FEV 1 , were averaged for all parameters. If the two best curves were different by more than 5% in their FEV 1 , the tests were repeated. 5 Expected values for lung function parameters were based on the prediction equation of East China. 10 The quality of the ascending limb of MEFV curves was determined by ATS criteria with an explosive and continuous exhalation. An experienced clinician and a technician agreed whether the MEFV curves met the 2005 ATS/ERS quality criteria for spirometry. 5 PFP interpretation was performed according to ATS/ERS guidelines. [11] [12] [13] All subjects were divided into three groups: subjects with normal lung function, restrictive ventilatory or obstructive ventilatory abnormalities. Restrictive abnormalities were defined as reduced FVC (<80% predicted value) and a normal or increased FEV 1 /FVC. Obstructive abnormalities were defined as reduced FEV 1 /FVC and FEV 1 < 80% predicted values. 10 The obstructive group was further divided into five subgroups by FEV 1 % pred. (FEV 1 measured value/FEV 1 predicted value) 10 being mild (FEV 1 % pred. > 70%), moderate (60% ≤ FEV 1 % pred. < 69%), moderately severe (50% ≤ FEV 1 % pred. <59%), severe (35% ≤ FEV 1 % pred. < 49%) or very severe (FEV 1 % < 35% pred.).
All MEFV curves were recorded and displayed with flow versus volume in 4 units (L/s) to 1 unit (L). A tangent line was drawn from the start of the MEFV curve's ascending limb through the coordinate origin using the AutoCAD 2010 graphics software Autodesk, California, USA. The MEFV curve between the zero point and the point derived at 0.05 L volume was divided into 10 parts at 0.005 L volume intervals. Least square methods were used to fit these points in a linear fashion. The fitted straight line was the tangent line. Angle β between the tangent line (red line) and the x-axis was determined ( Fig. 1) . The relationship between the tangent of angle β (TAN) and PFP or anthropometric data was analysed in the high-quality spirometry group. If a subject had one unqualified curve, merely due to insufficient explosion at the start of the MEFV curve, the MEFV curve was considered as a poor-quality MEFV curve. Angle β and PFP derived from the highand poor-quality MEFV curves in the same patient were compared.
A further 30 subjects were added in the study, who the performed PFT with two different kinds spirometers (Jaeger, Germany and SensorMedics, USA). Angle β, FVC, FEV 1 , FEV 1 /FVC and PEF derived from two different MS-PFT spirometer devices were compared.
Data were presented as mean AE SD. Statistical analysis was performed using the SPSS software, version 13.0 (SPSS Inc., Chicago, IL, USA) for Windows. The normality of data distribution was analysed with the Kolmogorov-Smirnov (K-S) test. The Kruskal-Wallis (K-W) test was used for comparison of data among different groups. The chi-square test was used for the comparison of ratio among groups. Single factor related analysis was carried out between tangents of β and PFP or anthropometric data. P < 0.05 was considered statistically significant.
The Ethics Committee of Zhongshan Hospital of Fudan University approved the study protocol and informed written consent for participation in this study was received from all subjects.
RESULTS

Subject characteristics
A total of 998 subjects with high-quality spirometry were divided into participants with normal, restrictive and obstructive spirometry. The subjects in the normal spirometric group were 21-82 years old and included 210 men and 131 women. The individuals in the restrictive subgroup were between 22 and 82 years old and included 215 men and 112 women. The obstructive subgroup patients were 24-83 years old and included 224 males and 106 females. The subjects with high-and poor-quality spirometry presented comparable male to female ratios (respectively χ 2 = 3.033, P = 0.219 and χ 2 = 0.718, P = 0.698). Similarly, anthropometric data including weight and height were similar among the three groups (P > 0.05) ( Table 1) .
Characteristics of angle β in the subjects with high-quality spirometry
Changes in angle β and PFPs
The values of PFP, VC, FVC, FEV 1 and FEV 1 /FVC varied with different types of ventilatory impairment, however values for angle β and its tangents remained constant ( Table 2 ). The mean EV was <150 mL or 5% FVC.
Relationship among angle β, PFPs and anthropometric data
The tangent of angle β did not correlate with the values of eight PFP, age and anthropometric data, including weight and height, while being negatively correlated with EV in normal, restrictive or obstructive groups ( Table 3 ). All of PFP except FEV 1 /FVC decreased gradually with the severity of restrictive or obstructive impairments, while angle β and its tangent remained constant in the restrictive group (Table S1 , Supplementary Information).
Determination of angle β in subjects with high-quality spirometry
Angle β values did not fit a normal distribution (P < 0.05). Therefore, the method of percentiles was used to calculate the lower limit of normal (LLN) for angle β (P5), which was 80 (Table 4) .
Comparison of angle β and PFP derived from the high-quality spirometry curves and the poor-quality spirometry curves
Angle β in MEFV curves which had a slow start or 'insufficient explosion' was smaller than angle β in high-quality MEFV curves in each group (P < 0.05). VC, FVC and FEF 25 were similar in high-and poorquality MEFV curves (P > 0.05); while angle β, PEF, FEF 75 , FEV 1 and FEV 1 /FVC in poor-quality MEFV curves were much smaller than those in high-quality MEFV curves including normal, restrictive and obstructive groups (P < 0.05) . The EV in poorquality MEFV curves were larger than those in highquality MEFV curves (P < 0.05) (Table S2 , Supplementary Information).
Sensitivity and specificity of angle β to judge the quality of MEFV curve's ascending limb
If angle β was equal or greater than 80 , we defined the ascending limb of the MEFV curve to be of high-quality. On the basis of this standard, the sensitivity in the normal subgroup was 98.8% and the specificity was 100.0%. In the restrictive subgroup, the sensitivity was 97.5% and the specificity was 98.0%. In the obstructive subgroup, the sensitivity was 96.9% and the specificity was 100.0%.
If the criteria of EV < 150 mL and 5% FVC were used to identify high-quality spirometry, the sensitivity was 95.01%, 83.18% and 97.88%, the specificity was 97.9%, 88.46% and 90.7% in normal subgroup, restrictive subgroup and obstructive subgroup.
Angle β and PFP from different spirometer devices
Angle β, FVC, FEV 1 , FEV 1 /FVC and PEF derived from the two different types of MS-PFT spirometers were similar (P > 0.05) ( Table 5 ).
DISCUSSION
We have described a simple parameter to assess the quality of spirometry, angle β at the start of the MEFV curve. Angle β was not related to the type or severity of lung function impairment and it remained constant when compared with various anthropometric values.
We analysed the MEFV curves in subjects with normal, restrictive and obstructive lung functions. We documented that the values of angle β and its tangent were similar and negatively related to the EV in the three groups. These findings suggested that angle β did not correlate with the pulmonary function status of the patient. 5 Anthropometric data, including patient age, height and weight did not affect the value of angle β. In participants with insufficient rapid expiration, angle β was smaller than 80
. Insufficient rapid expiration is accompanied by decreased effort-dependent ventilator parameters, such as PEF, FEF 25 , FEV 1 and FEV 1 /FVC; however it does not affect non-effort-dependent parameters such as FEF 75 and FVC. We draw the conclusion that angle β equal or greater than 80 may be used as a guideline to assess the quality of the MEFV curve's ascending limb.
The FVC manoeuvre should be prompted to 'blast', not 'blow' according to the 2005 ATS/ERS standard. 5 This is a subjective criterion and it is hard to assess, whether the patient had 'blast' expiratory flow or not. 14, 15 In the flow-volume curve, the tangent of each point in an MEFV curve reflects the variation of FEF caused by a unit change of lung volume. The start of MEFV curve's ascending limb is close to a straight line, in which the increase in FEF in unit change of lung volume is relatively constant in the short phase of initial expiratory manoeuvre. The tangent line drawn through the coordinate origin and along the initial part of the MEFV curve overlapped well with the start of the ascending limb. The angle between the tangent line and x-axis was named angle β. The tangent of angle β indicates the change of expiratory flow caused by the unit change of lung volume at the start of the MEFV curve. A greater explosive force of the initial expiration creates higher expiratory flow and a greater slope of angle β's tangent. Subjects with explosive expiration at the start of their MEFV curve had greater angle β than those with hesitant expiration. At the same time, all subjects with explosive expiration have a constant angle β, even when different kinds of spirometer devices were used. Angle β may be the objective criteria for 'blast' expiration in FVC manoeuvre.
According to the ATS/ERS guidelines an EV of <5% of the FVC or 0.15 L is suggested as a start criterion. 5 The EV needs be calculated after the expiratory manoeuvre is completed and it cannot be obtained while subjects are performing spirometry. It is not infrequent that a subject undertakes FVC manoeuvres several times leading to poor-quality results. This can be exhausting especially for patients with severe lung disease. Angle β can be detected at the start of the MEFV curve allowing technicians to determine the quality of the MEFV. If necessary, PFT can be immediately cancelled to reduce the strain for the subject.
Angle β as a criterion to identify a high-quality MEFV curve can easily be applied. It reflects the speed of the Angle β at the start of spirometry expiratory efforts that is not dependent on anthropometric data or PFP. Angle β may contribute to improved spirometry assessment across a range of patients with impaired lung function.
